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Fertile eggs of White Leghorn chickens were injected
with 0.6 cc of 1 mg/ml solution of L-azetidine-2-carboxylic
acid (LACA) through the air sac. The experimental embryos
were divided into 3 groups. Group I received one injection
at pre-incubation; Group II 2 injections at pre-incubation
and 48 hr; Group III 3 injections at pre-incubation, 48 hr,
and 96 hr. The embryos for the gross morphological studies
were sacrificed on days 7, 9, and 11 and analyzed on the
basis of calcium deposition in the skeleton. An orange-
red dye lake was observed in the metatarsus, tibiofibula,
ribs, and the anterior regions of the radioulna in day 7
of both control and experimental Group I embryos. The
orange-red dye lake was not observed in the phalanges, meta-
carpalia, and cranio-vertebral regions at this age in both
groups. In the experimental Groups II and III, a faint
orange-red color was observed in the regions of the metatarsus,
tibiofibula, femur, and radioulna; dye formation was not ob¬
served in any other regions.
In 9-day-old embryos, the dye formation was observed
to be well advanced in the metatarsus, tibiofibula, ribs, and
radioulna regions in both the control and the experimental
Group I. The formation of the dye in experimental Groups
II and III in 9-day embryos was comparable to that of con¬
trol and experimental Group I of 7-day-old embryos. Although
the formation of the dye was observed in all of the skeletal
regions of the control, experimental Groups I, II, and III
of 11-day-old embryos, the formation in the phalanges and
the metacarpalia was less in Groups II and III.
Microscopic observations showed that in both the con¬
trol and experimental Group I most of the matrix within the
cartilage is basophilic, with few areas observed as acido¬
philic. But the perichondral regions or the peripheral
regions of the cartilage were observed to be acidophilic.
These indicated that sulfated and nonsulfated acid mucopoly¬
saccharides were found within the cartilage, whereas the
neutral mucopolysaccharides were seen within the perichon¬
dral or the peripheral regions of the cartilage. Within
the cartilage of experimental Groups II and III, both matrix
and the perichondral regions were observed to be acidophilic,
with some of the matrix regions showing basophilia. This
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indicated that both nonsulfated and sulfated acid mucopoly¬
saccharides in these groups were suppressed, whereas neutral
mucopolysaccharides were not.
Observations on the slides treated in diamine solu¬
tions showed that in the controls and the experimental Group
I, the matrix was intensively stained with the diamine solu¬
tions, with few areas within the matrix showing Alcian blue
staining. The presence of sulfated acid mucopolysaccharides
was indicated by the diamine stain and nonsulfated acid
mucopolysaccharides by Alcian blue stain. In experimental
Groups II and III, the matrix was observed intensively
stained with Alcian blue and mildly stained with diamine,
indicating the presence of nonsulfated acid mucopolysacchar¬
ides is more than sulfated acid mucopolysaccharides. This
suggests that LACA acts in some ways to inhibit the syn¬
thesis of sulfated acid mucopolysaccharides.
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Certain plant families such as Liliaceae, Legximinosae
(Fabaceae), etc. contain varieties of species with important
economic value. Several are used as sources of cardiac
clycosides, diuretics (Lewis, 1977); diaphoretics, emetics,
antispasmodics, emmenagogues, expectorants, analgesics, an¬
thelmintics (Krochman et al., 1971). The species that con¬
cern us here are Convallaria majalis (Lily-of-the-Valley),
Polygonatum multiflor\m, and DeLonix regia. These plants
are widely cultivated and they contain many cardiac glycosides,
of which the Convallaria majalis is the most significant.
Some investigators indicated that poisoning has not been ob¬
served among these species, but cautioned that they are
potentially dangerous due to their constituents and wide
availability (Lewis, 1977). Others, however, reported that
children have been fatally poisoned by drinking water from
vases containing the flowers of digitalis-containing plants
such as Convallaria majalis (Lampe, 1974).
A compound, L-azetidine-2-carboxylic acid (LACA), an
analog of proline, was first isolated from Convallaria majalis
by Fowden (1956) and from DeLonix regia (Sung and Fowden,
1969) . It is a new cyclic imino acid that occurs naturally
in many plant seeds, leaves, roots, and rhizomes, especially
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among the families of Liliaceae^ Agavoceae» and Leguminosae
(Fabaceae), and LACAhasthe following derivatives: 5-dehydro-
L-pipecolic acid and 4-hydroxy~L-proline.
Although representatives of these families are used
as medicinal plants, the LACA isolated from them has not been
reported to be used medicinally; however, it is used widely
in laboratory experiments throughout the world. Among many
investigators who reported its effects on plants and animals
were Fowden (1963), who observed LACA to be a growth inhib¬
itor in both E. coli and seedlings of the mung bean (Phase-
olus aureus). It has been demonstrated by other investiga¬
tors to inhibit the synthesis of collagen in a developing
chick embryo (Lane et al., 1971a). Other effects of LACA
that have been reported include failure of collagen excretion
into the primary stroma of the cornea, fragility of bone in
developing chick embryos (Lane et al., 1971b), and a failure
of cells to excrete collagen (Takeuchi et al., 1969).
The collagen that is secreted by the Golgi apparatus
is in the form of tropocollagen which complexes to produce
fibrils, fibers, connective tissue such as cartilage, bone,
tendon, etc. But after injection of the developing chick
embryo with LACA, collagen failed to be secreted (Fowden,
1963; Lane et al., 1971a; Coulombre and Coulombre, 1972).
Hepatic fibrosis, which is characterized by excessive depo¬
sition of newly synthesized liver collagen, has been studied
in detail in rats, and LACA has been reported to effectively
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inhibit the synthesis of liver collagen in these animals
(Rifas and Selfter, 1977; Rojkind, 1973). Collagen synthe¬
sized in the presence of LACA is deficient in hydroxyproline,
hydroxylysine, and glycosylated hydroxylysine (Takeuchi et
al., 1969).
The present investigation, therefore, had as its ob¬
jective to study the effects of LACA on skeletogenesis in¬
cluding a detailed examination of the effect of this proline
analog on the production of glycosaminoglycans or acid muco¬
polysaccharides and calcification in developing chick embryos.
Although the observations reported are not conclusive evi¬
dence of the effects of LACA on skeletogenesis in the chick
embryo, they do, however, support the fact that LACA effec¬
tively disrupts skeletogenesis and calcification.
CHAPTER II
REVIEW OF LITERATURE
Natural plant drug materials are still economically
significant in many parts of the world, in spite of increases
in the production of synthetic drugs. A 1962 survey of new
prescriptions written in the United States indicated that 25%
were for drugs from natural plant products (Krochmal, 1971),
and although there is great emphasis on the modern medicine,
the herbalists are still reported to be practicing all over
the world (Lewis, 1977). Many of these plants are poisonous;
for instance, colchicine and other alkaloids are found
throughout these plants, especially among the family Lilia-
ceae (lily), and the poisoning has resulted in many deaths
(Lewis, 1977). According to Lampe (1974), children were
reported to have been fatally poisoned by drinking water
from vases containing the flowers of digitalis-containing
plants such as Convallaria majalis (Lily-of-the-Valley),
Digitalis purpurea (foxglove), and Nerium oleander (oleander).
Convallaria majalis, Polygonatum multiflorijm (Solo¬
mon's Seal), and DeLonix regia are species of plants belong¬
ing to the families Liliaceae and Legiominosae (Fabaceae),
respectively. A compound, L-azetidine-2-carboxylic acid
(LACA), was isolated from species of these plants (Fowden,
1956; Sung and Fowden, 1969; Grant et al., 1975). After the
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isolation of L-azetidine-2-carboxylic acid, Fowden (1963)
reported that this chemical was a growth inhibitor. It in¬
hibited growth in E. coli and the seedlings of Phaseolus
aureus (mung bean). Baich and Smith (1968) also showed that
LACA slowed the rate of growth in E. coli. But it has been
shown also that the growth of wild type E. coli was not af¬
fected by LACA when it was added to the medium in low concen'
tration, as long as proline was present; but increasing the
amounts of LACA in the medium progressively inhibited the
growth of wild type. In contrast, growth inhibition was not
detected in cultures of the mutant when the LACA concentra¬
tion was increased 100 times greater than proline (Grant et
al., 1975). In another study by Fowden and Richmond (1963),
LACA was demonstrated to compete for transport of proline
and for aminoacylation of proline t-RNA (Papas and Mehler,
1970) . These strongly suggested that LACA had an adverse
effect on the chemical system of the living organism.
Cells of the unicellular alga, Cyanidium caldarium,
were inhibited from synthesizing chlorophyll-a and phycocy-
anin, but the inhibitory effect of the homolog on pigment
synthesis in algal cells was partially reversed during sub¬
sequent incubation with proline (Troxler and Brown, 1974).
Using the xylem of excised barley roots. Pitman et al.
(1977) showed that at relatively low concentrations (50 yM)
LACA was a potent inhibitor of potassium and chloride ion
release to the xylem of excised roots of barley (Hordexim
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vulgare) and intact plants. They demonstrated that LACA did
not inhibit protein assembly, but the proteins formed are
ineffective as enzymes. The uptake in roots was also in¬
hibited but to a lesser degree.
In hydra, specialized cells known as nematoblasts
synthesize the components of nematocysts, structures used
to capture prey. Barzansky (1975) showed that at 24 hr.
incubation newly-forming nematocysts showed irregularities
in the outer capsule, and after 48 hr the arrangement of
spines, thorns, and tube inside the capsule was abnormal.
In an earlier study, Barzansky (1974) showed that LACA
affected head regeneration in hydra.
Using the cultures of mouse limb buds for a period
of 2 to 9 days, Aydelotte (1971) showed that LACA interferes
with the normal development of cartilage. By increasing
the concentration of LACA, he noted a delay of chondrogene-
sis and the formation of cartilage matrix which were both
grossly and microscopically abnormal. Aydelotte and Koch-
har (1972), after culturing chick limb buds for 2 to 14 days,
observed that the growth of the entire limb bud was inhibited
by LACA. They further noted a delay in chondrogenesis, and
the cartilage which subsequently appeared became swollen,
soft, and malformed. O'Dell (1966) reported that both the
limb bone rudiments and the mandibular cartilage were bent
and soft in the presence of LACA.
Coulombre and Coulombre (1971), having injected LACA
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into the chorioallantoic vein of chick embryos, noted that
silver-free patches appeared under the epithelium. Further
studies showed that there were lesions produced in the pri¬
mary corneal stroma. In another study Coulombre and Coul-
ombre (1972) demonstrated that administration of LACA to
growing chick embryos caused the Golgi apparatus not to
stain with silver. However, when the animals were injected
with both LACA and L-proline, no damage was seen when their
corneas were examined.
Using other chemicals such as ^H-proline, d-dipyridyl,
or cis-hydroxy-proline, which are known to inhibit collagen
production, Zamoraeva et al. (1970) observed that notochords
of 12-72 hr chick embryos were rod-shaped and completely
devoid of extracellular materials. The peripheral migration
of notochordal cells, some assuming a fibroblastic appear¬
ance, was noted along a heavy general label over the noto¬
chordal cells. The evidence indicated that the notochordal
ephithelium possessed a capacity for the production of extra¬
cellular connective tissue fibrils which are associated with
a proline-containing notochordal secretion. This secretion
can be markedly decreased by specific collagen inhibitors.
A strong inhibition of the incorporation of proline
into proteins of cartilage tissue by LACA was foiand to
be increased with an increase in the period of its incuba¬
tion with the tissue (Zamaraeva et al., 1969). The determine
tion of the radioactivity of hydroxyproline showed that
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collagen synthesis was depressed by LACA. But they also
observed that LACA had a less marked inhibitory action on
incorporation of glycine into the proteins of cartilage
tissues. After incubation of the tissue of the chick em-
biryos with the analog for 5 to 7 days, they observed strong
inhibition of the protein synthesis.
Inhibition in the growth of nine-day-old granulomas
by LACA was demonstrated by Dancewicz and Altman (1967).
The activity of the granuloma was severely prevented when
the concentration of LACA was increased, and they concluded
that LACA interfered with collagen synthesis. Cooper and
Prockop (1967), after incubating connective tissues of
10-day chick embryos anaerobically, stated that the synthesis
of collagen can be interrupted.
The abnormal polypeptides that were synthesized in
the presence of LACA failed to be extruded into the extra¬
cellular matrix. Rather, they were retained intracellularly,
as was demonstrated by Takeuchi et al. (1969). The collagen
containing the analog was not extruded due to a decreased
content of hydroxy-proline as well as a decreased content
of hydroxylysine. The growth of E. coli was also demonstrated
to be inhibited by LACA (Takeuchi and Prockop, 1969). They
found that as a result of this inhibition the protocollagen
that was synthesized differed kinetically from the normal
protocollagen that was incubated with protocollagen proline
hydroxylase. It was also noted that LACA incorporated into
9
an abnormal protocollagen which was subsequently converted
to an abnormal collagen.
By addition of a-amino isobutyric acid, hydroxypro-
line, and LACA to the incubation medium, Finerman and Rosen-
bert (1967) were able to note a marked decrease in the rates
of proline incorporation into protein and collagen. It was
concluded from this experiment on rat tissue, that the altera¬
tions in intracellular proline concentrations or inhibiting
uptake of proline into the intracellular pool, contributed
to the change in the regulation of collagen synthesis.
Lane et al. (1971b) noted an increase of collagen
degradation and fragility of the embryos when the proline
analog azetidine-2-carboxylic acid was administered. They
did this by treating chick embryos from day 8 to day 12
with 500 mg of LACA per day. When the collagen of the
treated chick embryos was studied by electron microscopy,
cross striations were seen in tendon fibrils. Analyzing
the amino acid of the tendon revealed that the decrease in
cross-striated fibrils was due to the decrease in collagen
content of the tissue. When acid soluble collagen was iso¬
lated from the treated embryos, results showed this collagen
to have essentially the same amino acid composition as nor¬
mal collagen, the exception being that the collagen under
study contained 4 residues of azetidine-2-carboxylic acid
per 1000 residues of amino acid.
In other studies by Lane et al. (1971a), in which
10
l-5“day-old chick embryos were used, LACA arrested the accumu¬
lation of collagen in the embryos. The decrease in collagen
content was accompanied by a marked increase in the fragility
of the embryos. It was suggested, therefore, from the re¬
sults that the decrease in collagen content of the embryos
was due to the intracellular synthesis of a collagen which
contained the analog and could not be extruded at a normal
rate. It was also observed that after the cells had accumu¬
lated a large pool of analog-containing collagen, they
reached a new steady state in which both the rate of collagen
synthesis and extrusion were markedly decreased.
The cardiac jelly, the extracellular matrix of the
developing chick heart, consists mainly of glycosaminogly-
cans. When embryos were cultured in the presence of either
a, a-dipyridyl, or L-azetidine-2-carboxylic acid, the fusion
of premyocardial mesoderm was not prevented by any of the
agents. However, myocardial cytodifferentiation and normal
cardiac morphogenesis were inhibited markedly (Johnson et
al., 1973). Using the perinotochordal tissue of chick em¬
bryos, Frederickson (1974) observed that the notochordal
boxindary membrane-basal lamina was not well developed. Its
usual fibrogranular appearemce of uniform thickness was re¬
placed by patchy intermittent amorphous material, and the
cells of the secondary mesenchyme contained numerous large
rounded secretion granules. In their study in which LACA
was administered for a 5-day period to chick embryos. Lane
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et al. (1971) found that LACA consistently affected the ac¬
cumulation of collagen more so than other proteins. The
collagen produced had a decreased number of cross-striated
fibrils; otherwise the physical and chemical properties
appeared to be similar to normal collagen. Therefore, they
postulated that a proline analog might be developed which
would be useful in controlling collagen synthesis in clini¬
cal conditions such as scleroderma (chronic hardening and
shrinking of the connective tissue) and fibrous adhesions.
In another study by Koch (1974) using embryonic mice,
explanted rudiments grown in the presence of LACA failed to
show the normal developmental alterations. Additionally,
extracellular matrix materials were not observed in living
cultures; neither dentin nor enamel was seen in histologi¬
cal sections. Exposure to LACA also suppressed new matrix
formation in rudiments which had initiated differentiation
prior to exposure to the inhibitor. A clear zone was ob¬
served separating ameloblasts and odontoblasts. Rats and
mice were injected with LACA (500 mg/kg) and were fixed and
sections examined under the microscope (Sudo et al., 1978).
The odontoblastic layer showed little irregular arrangement
and reduction in length. With the EM, the young odonto¬
blasts showed vesiculation of r-ER as well as the presence
of intracisternal materials within the r-ER. An increase
in cytosegresomes and dense bodies was also observed. How¬
ever, Sudo et al. (1977) observed that LACA caused skeletal
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abnormalities in the lumbar and sacral vertebrae in mice,
and no inhibitory effect on odontogenesis was noted. By
injecting rats with 100-300 mg/kg from the 0-day and 100
mg/kg from 8-day to 10-day, Nagai et al. (1976) showed that
in rats treated with 100 mg/kg the fetuses were externally
malformed and had a reduction in ossification of the sterne-
brae. Treatment with 300 mg/kg gave a high fetal mortality
and growth retardation in the surviving fetuses. Ossifica¬
tion was retarded in the supraocciput, sternebrae, and
coccygeal vertebrae. A radiopaque layer was seen to appear
in the dentine of treated rats and mice (Kambara et al.,
1976). This layer was considered to have been formed when
LACA was administered. In contrast, a radiolucent layer
was detected in the enamel. They suggested this might have
been formed at the time of drug administration. They also
pointed out that rats were more susceptible to this drug
than mice; that in rats dentine formation was retarded fol¬
lowing injection, whereas enamel formation recovered well.
The effects of the drug on mice were transitory, and both
dentine and enamel were recovered soon after the drug adminis-
tion.
In their studies with Swiss mice, Ruch et al. (1974)
showed that in buds removed and cultured in the presence of
LACA, the apical odontoblasts did not differentiate morpho¬
logically and did not secrete predentin. They showed that
the effects of LACA were reversible, and this was demonstrated
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by cultivating the buds for four days in LACA followed by
two days in control medium. At the end of treatment, the
apical odontoblasts appeared to be morphologically and func¬
tionally differentiated. They also showed that in buds cul¬
tured for two days in the presence of LACA, there were less
morphologically-differentiated odontoblasts, and also no
picrofuchsin-positive substance (collagen) was found. Odon¬
toblasts were rounded after four days culture and no picro¬
fuchsin-positive substance was found. The apical amelo-
blasts (i.e., those which have become post-mitotic) were
not polarized and, consequently, LACA prevented excretion
of collagen by odontoblasts. A study by Strudel (1975)
showed that LACA inhibited the secretion of the periaxial
extracellular material, resulting in a lack of several
vertebrae. In young vertebral primordial cultured on LACA,
the myotome cells differentiated into myoblasts, whereas the
sclerotome cells remained undifferentiated. In older pri-
mordia, the sclerotome cells gave rise to abnormal cartilage
but the myotome cells seldom differentiated. Treatment at
9 days of incubation showed that embryonic growth was re¬
tarded by LACA (Brian, 1978). It was also shown from this
study that secondary chondrogenesis of the quadratojugal,
a membrane bone of the skull, was inhibited by treatment
of the whole embryo with LACA.
The large increase in collagen observed in the livers
of patients with hepatic cirrhosis (Popper and Udenfriend,
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1970), or in the livers of rats made cirrhotic by chronic
administration of CCI4 (Huberman et al., 1969; Rojkind and
Diaz de Leon, 1970), or of ethanol (Feinman and Lieber, 1972)
is largely due to de novo synthesis. In these cases, in¬
crease in collagen is accompanied by a parallel increase in
the pool of free proline and a decrease in the pool of free
glutamic acid. The increase in proline occurs principally
in the liver (Kershenobich et al., 1970) and is due in part
to more active synthesis from glutamic acid. Rojkind (1973)
showed that rats treated with LACA developed a lesser degree
of cirrhosis and their livers contained a smaller pool of
free proline when compared with the untreated cirrhotic rats.
It was suggested that the decrease in the pool of free pro¬
line was due to the fact that either LACA inhibited biosyn¬
thesis or interfered with the active transport of this amino
acid into hepatic fibroblasts. It was also demonstrated
that when cirrhogenic doses of CCI4 were administered to rats
concurrently, LACA caused a decreased incorporation of labeled
proline into collagen.
Another study by Kershenobich and Rojkind (1973)
showed that the livers of CCl^-treated animals contained a
large increase in collagen and reticular fibrils, cell necro¬
sis fatty infiltrations, and distortion of liver architecture,
but the livers of animals treated with LACA in addition to
CCI4 showed a lesser degree of fibrosis but contained the
same degree of fatty infiltration and liver cells necrosis.
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They further stated that the liver function in the rats re¬
ceiving only CCl^ was impaired, as was observed by the in¬
creased retention of conjugated bilirubin and the low levels
of serum albumin. But they pointed out that serxrni conjugated
bilirubin levels in rats treated with 100 or 200 y moles of
LACA were significantly lower, as compared with the values
obtained in rats treated only with CCI4. Finally, this
study showed that in animals treated with 100 y moles of
LACA, the total albumin decreased, whereas in animals treated
with 200 y moles of LACA the albxmin values were close to
normal.
When freshly isolated cells from chick embryo tendon
were incubated in the presence of azetidine-2-carboxylic
acid, Dehm and Prockop (1971) demonstrated the analog de¬
creased the relative amount of [^^c7 hydroxyproline synthe¬
sized in the presence of the analog. Livers of mice with
hepatosplenic schistosomiasis (Bilharziasis) contain 20 times
more collagen than normal, and this hepatic fibrosis is due
to an inflammatory granulomatous host response to Schistosoma
mansoni ova in portal tracts, rather than from direct liver
cell injury, as with carbon tetrachloride induced liver
fibrosis (Dunn et al., 1977). These investigators demon¬
strated that the formation of labeled protein-bo\ind hydroxy¬
proline decreased sharply as the concentration of the proline
analog (LACA) in the medium was increased. They further
showed that at 100 mM LACA, production of labeled hydroxy¬
proline was inhibited by 95%. A parallel effect of the
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analog was noted on incorporation of labeled proline into
total liver protein.
Histological examination of the livers of animals
treated with CCI4 showed a large increase in collagen and
reticular fibers, cell necrosis, fatty infiltration, and
distortion of liver architecture (Rojkind and Kershenobich,
1975). It was further demonstrated that the livers of
animals treated with colchicine plus CCI4 showed a lesser
degree of fibrosis, but the same degree of necrosis and
fatty infiltration. They further showed that the livers
of rats treated with LACA after CCI4 administration did
not show any improvement in fibrosis or fatty infiltration.
In this study, they concluded that the specific activity of
collagen hydroxy-proline in rats treated with colchicine
after CCI4 administration was very low and similar results
were obtained with animals treated with LACA after CCI4 ad¬
ministration.
Using mouse embryonic lung, Alescio (1973) showed
that LACA inhibited lung morphogenesis. It was shown that
at low concentrations of the analog, a sharp decline of the
nxmiber of newly foinned germinal buds was induced. It was
further observed that DNA and protein were unequally reduced
by the time the treatment was terminated. The protein con¬
centration was seen to be more depressed, with subsequent
rise of the DNA/protein ratio. The results showed that epi¬
thelial budding was very sensitive to treatment with the
analog.
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The effect of LACA on the free-living nematode Pana-
grellus silusiae was demonstrated by Leushner and Pasternak
(1978) . It was pointed out that morphometrically, the worms
showed no evidence of an adverse response to the long-term
presence of LACA in the growth media. Incorporation of
labeled proline into protein was blocked by the analog,
whereas the uptake of radiolabeled leucine into polypeptides
was unaffected. Conversely, the uptake of labeled azetidine
carboxylate was antagonized only by proline. They further
pointed out that the incorporation of labeled analog into
collagen during post-embryonic development paralleled the
discontinuous pattern of collagen biosynthesis in untreated
worms. Cuticular collagens became labeled after incubation
with [l^cj azetidine carboxylate. From their results, it
was suggested that the analog incorporated into collagenous
and non-collagenous proteins.
To examine the effects of LACA on glycosylations of
collagen in chick embryo tendon cells, Oikarinen et al. (1976)
incubated the isolated cells in the presence of LACA and ob¬
served that the degree of glycosylations of hydroxylysine
during the first 10 min of the chase period was identical
with that in cells incubated without the compound. They
stated that glycosylations continued in the presence of LACA
for 60 min, whereas no additional glycosylations took place
in the control cells after 10 min. As a result, the collagen
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synthesized in the presence of this compound contained more
carbohydrate than did the collagen synthesized by the control
cells. They also indicated that LACA did not increase the
collagen glycosyltransferase activities in the tendon cells
or the rate of glycosylation reactions when added directly
to the enzyme incubation mixture. They also observed that
control experiments with colchicine showed that the delay in
collagen secretion in the presence of LACA did in itself
affect the degree of glycosylations of collagen. It was,
therefore, suggested that the increased glycosylations were
due to inhibition of the collagen triple-helix formation
which occurs in the presence of LACA.
The LACA was also shown to prevent the formation of
fibrils in cultured epithelial primordia and in cultures of
whole thyroids (Hilfer and Pakstis, 1977). Furthermore, the
mesenchymal cells did not invade when whole thyroid primor¬
dia were cultured in the presence of the drug. However, it
was demonstrated that the effects were reversed by incubation
with equimolar or greater amounts of L-proline added to the
medium along with the drug.
Studies by Trasko et al. (1976) showed that the proline
analog was incorporated into hemoglobin S (sickle hemoglobin)
in vitro. Sickle erythrocytes from patients with sickle cell
anemia, incubated with L-C^h] azetidine-2-carboxylate, syn¬
thesized radiolabeled hemoglobin which when isolated from
cell lysates co-chromatographed with hemoglobin S on DEAE
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cellulose columns. It was also shown that the a/3 ratio of
azetidine carboxylate incorporation into the globin chains
of sickle hemoglobin was 0.94, which was consistent with the
presence of four proline residues in each polypeptide chain.
It was shown further that azetidine carboxylate did not in¬
hibit uptake of radiolabeled proline by sickle erythrocytes,
suggesting that the homolog does not adversely affect amino
acid transport in the cells. The incorporation into hemo¬
globin in rabbit reticulocytes in vitro was demonstrated by
Baum et al. (1973). This investigation was the first to
show that LACA was incorporated into mammalian protein.
CHAPTER III
MATERIALS AND METHODS
Fertile eggs of White Leghoim chickens were obtained
from H. and E. Rabbitery and were incubated in a humid atmos¬
phere 37.8 C. Prior to incubation the eggs were swabbed
with 70% ethyl alcohol. The fertilized eggs were divided
into four groups; A, B, C, and D. Group A was comprised
of controls and Groups B, C, and D comprised of experimentsIs.
All of the groups were injected either prior to incubation
or at 24 hr incubation. Group A, which comprised the con¬
trols, was given three series of injections; pre-incubation,
48 hr, and 96 hr with 0.6 cc of 0.85% normal saline; Group
B was injected once with 0.6 cc L-azetidine-2-carboxylic
acid (LACA; obtained from Sigma, St. Louis, Missouri); Group
C was injected two times at pre-incubation and at 48 hr with
0.6 cc LACA; Group D was injected three times at pre-incuba¬
tion, 48 hr, and 96 hr with 0.6 cc LACA. The eggs were sac¬
rificed at 7-day, 9-day, 11-day incubation, and were fixed,
respectively. The embryos were fixed in 10% buffered formalin
for 24 hr (Hollister, 1934; Hood and Neill, 1948; Youngpeter,
1964) , followed by 2% potassium hydroxide (KOH) for 24 hr,
and were then transferred to an alizarine working solution
and back into KOH for 24 hr each. They were then placed in
three cleaning solutions—I, II, and III—for 24 hr each;
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Solution I: glycerine 20 parts, 4% potassium hydroxide 3
parts, distilled water 77 parts; Solution II: glycerine 50
parts, 4% potassium hydroxide (KOH) 3 parts, distilled water
47 parts; Solution III: glycerine 75 parts, distilled water
25 parts. This method was employed for the demonstration of
calcium deposition in chick bones.
In preparation for paraffin embedding, the embryos
were fixed in Bouin's fluid for 24 hr. They were dehydrated
in a series of increasing strength alcohol solutions (50%-
100%) 30 min each; alcohol-xylene (ratio 1:1) for 30 min
(two changes of 15 min each); xylene-paraffin solutions
(ratio 1:1), and placed in an oven at 56 C 1 hr, and pure
paraffin solution at 56 C for 1% to 2 hr, after which the
embryos were embedded in pure paraffin. Sections were made
at 10-vi on the 820 Spencer microtome and mounted on glass
slides. The slides were deparaffinized in xylene for 1 min
and dried. In order to remove artefact pigment (the formalin
derived pigment seen on the tissues), the slides were again,
after drying, placed in xylene for 2 min.
Neutral-acid Mucopolysaccharides Analysis
Two techniques were employed for the analysis of two
types of glycosaminoglycans (acid mucopolysaccharides). One
was Alcian blue-PAS method (Mowry, 1956). Solutions required
were:
1. Alcian blue (pH 2.5): Alcian blue 1 gm, 3% acetic
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acid and distilled H2O 100 ml.
2. Alcian blue (pH 0.5): Alcian blue 1 gm, 0.5 N
hydrochloric acid and distilled H2) 100 ml.
Solutions were filtered before use and stable for approxi-
inately 2 weeks. The sections were hydrated through a series
of decreasing strength solutions: xylene 3 min (two changes),
xylene-alcohol (ratio 1:1) 3 min, 100% alcohol 3 min, 95%
alcohol 3 min, 70% alcohol 2 min. They were stained in Al¬
cian blue solution for 10 min; washed in distilled water;
oxidized in 1% periodic acid for 5 min. They were again
washed well in distilled water; placed in Periodic Acid
Schiff's (PAS) reagent for 10 min; and washed in running
tap water for 10 min. They were counterstained lightly in
Mayer's haematoxylin and were differentiated in 1% acid
alcohol. The slides were dehydrated through graded alcohols
to xylene.
Hyaluronic-chondroitin Analysis
This technique was employed to analyse hyaluronic and
chondroitin sulfates, and it has been found by other investi'
gators to give excellent analysis of hyaluronic and chon¬
droitin sulfates (Spicer, 1965; Leppi and Spicer, 1967).
Diamine solution; N, N-dimethyl-M-phenylenediamine dihydro¬
chloride 120 mg, N, N-dimethyl-p-phenylenediamine dihydro¬
chloride 20 mg. These salts were dissolved in 50 ml of dis¬
tilled water and then added 40% ferric chloride (1.4 ml);
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the pH of the solution was 1.5. The Alcian blue solution
(pH 2.5): Alcian blue 1 giti; 3% acetic acid; distilled water
100 ml. The sections were rehydrated through a series of
decreasing strength alcohols to xylene, stained in diamine
solution for 18 hr and washed in water. They were stained
in Alcian blue solution for 10 min and again washed in water.
They were then dehydrated through graded alcohols to xylene.
Photographs of whole embryos were made with the Kodak
Ektagraph Visualmaker, and the photomicrographs of sections




The control embryos were administered 0.6 cc normal
saline three times—at pre-incubation, 48 hr, and 96 hr.
The experimental Group I received 0.6 cc L-azetidine-2-
carboxylic acid (LACA) one time (pre-incxabation), Group II
two times (pre-incubation and 48 hr), and Group III three
times (pre-incubation, 48 hr, and 96 hr). The embryos for
macroscopic studies were sacrificed on days 7, 9, and 11.
They were treated in Alizarin Red S for calcium deposition.
Exaunining the 7 day control and experimental Group I
embroys showed that calcivim formed an orange-red dye lake
with the dye Alizarin Red S. The formation of the orange-
red dye lake (calcification) which is spotty was only ob-
seirved in the metatarsus, tibiofibula, femur, and the anter¬
ior regions of the radioulna. At this age there was not any
orange-red lake observed in the phalanges, the metacarpalia,
and cranio-vertebral regions in both the controls and the
experimental Group I (Figs. 1, 2).
The experimental Group II revealed very little calci¬
fication in the metatarsus, tibiofibula, the femur, or the
radioulna regions. Examination of the phalanges, the meta¬
carpalia, and the cranio-vertebral regions showed no
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calcification (Fig. 3). Group III showed little or no calci
fication in any of the regions (Fig. 4).
The 9-day-old einbryos of both the controls and the
experimental Group I showed that the formation of the orange
red dye lake was faint in the phalanges, vertebral, and the
cranial regions. But looking at the ribs, the metatarsus,
tibiofibula, and the radioulna regions, the formation of
calcium deposits was observed to be greater in 9-day embryos
than in the 7-day-old embryos (Figs. 5, 6). Experimental
Groups II and III of 9-day-old embryos revealed that calci¬
fication was comparable to that of the 7-day-old control
and experimental Group I embryos. These deposits appeared
patchy and were observed in the metatarsus, ribs, tibio¬
fibula, and radioulna regions. They were faint in the
cranio-vertebral regions, and were almost absent in the
phalanges and metacarpalia regions of these two groups
(Figs. 7, 8).
Examination of the 11-day-old embryos revealed that
calcification was well advanced in the metatarsus, tibio¬
fibula, femvir, ribs, and the cranio-vertebral regions of
controls, and experimental Groups I and II; however, in the
phalanges and metacarpalia regions calcification was still
patchy in these groups (Figs. 9, 10, 11). Experimental
Group III revealed that calcification was comparable to that
of the controls and experimental Group I of the 9-day-old
embryos. Calcification was observed in the metatarsus.
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tibiofibula, femur, and ribs; however, in the phalanges,
metacarpalia, and cranio-vertebral regions, it was not
observed (Fig. 12).
Light Microscopic Observations
A histological examination of embryos was conducted
to ascertain the effects of LACA on calcitim deposition. Con¬
trol and experimental embryos in Group I (receiving 0.6 cc
LACA) showed a heavy orange-red dye (indicating calcium
deposits) in the perichondral regions, whereas very little
or none was observed within the cartilage (Figs. 13, 14).
But in Group II embryos which received 0.6 cc LACA two times
(pre-incubation and 48 hr) and Group III which received
three injections of 0.6 cc LACA (pre-incubation, 48 hr, and
96 hr), the deposition of calcium in the perichondral re¬
gions was ranged from zero to mild; hardly any calcium de¬
position was observed within the cartilage (Figs. 15, 16).
This condition was observed principally in embryos sacri¬
ficed at 7 days. Although this condition was applicable
to 9-day embryos, a slight difference was noted particularly
among the control and experimental Group I. Among these
groups a heavier localization or deposition of calcixim was
observed in the perichondral regions, and a slight one in
the cartilage (Figs. 17, 18). Group II, which received 2
injections of LACA, exhibited a mild to slight deposition
of calcium in the perichondral regions and the cartilage
Fig. 1
Fig. 2
. Photograph of 7-day-old embryo. A control
embryo. Orange-red dye lake shows calciiim
deposit in the limbs, but none observed in
the cranio-vertebral regions or the pha¬
langes lOx.
. Photograph of 7-day-old embryo 0.6 cc LACA-
treated (lx) embryo. Orange-red dye lake
shows calcium deposition in the limbs. No
calcium deposition was observed in the
cranio-vertebral regions or the phalanges
lOx.
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Fig. 3. Photograph of 7-day-old embryo 0.6 cc LACA
treated (2x) embryo. Very little calcium
deposition observed in the limbs and none
observed in the cranio-vertebral regions,
or phalanges, and limb buds are short lOx.
Fig. 4. Photograph of 7-day-old embryo 0.6 cc LACA
treated (3x) embryo. Very little calcium
deposition was observed in the limb buds.
None was observed in the cranio-vertebral
regions or phalanges lOx.
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Fig 5. Photograph of 9-day-old embryo. A control
embryo, (showing calcium deposition in limbs,
and vertebral region. Very little was ob¬
served in the phalanges and cranial regions
lOx) .
Fig. 6. Photograph of 9-day-old embryo. 0.6 cc LACA-
treated (lx) embryo (showing calcium deposi¬
tion in the limbs, and the vertebral regions.
Very little was observed in phalanges, the
neck, or cranial regions lOx).
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Fig. 7. Photograph of 9-day-old embryo. 0.6 cc LACA'
treated (2x) embryo (showing little calcium
deposition in the limb buds, and vertebral
regions. None observed in phalanges or
cranial regions lOx).
Fig. 8. Photograph of 9-day-old embryo 0.6 cc LACA-
treated (3x) embryo (showing little calcium
deposition in the limbs. Very little or none
observed in the vertebral region. None was
observed in phalanges or cranial regions lOx).
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Fig. 9. Photograph of 11-day-old embryo. A control
embryo, (showing calci\am deposition in limbs,
and cranio-vertebral regions lOx).
Fig. 10. Photograph of 11-day-old embryo 0.6 cc LACA-
treated (lx) embryo (showing calciiam deposi¬
tion in limbs and cranio-vertebral regions
lOx).
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Fig. 11. Photograph of ll-day~old embryo. 0.6 cc
LACA-treated (2x) embryo showing deposition
of calcium in limbs and cranio-vertebral
regions lOx.
Fig. 12. Photograph of 11-day-old embryo. 0.6 cc
LACA-treated (3x) embryo (showing calcium
deposition in limbs and vertebral regions.




exhibited only a slight deposition (Fig. 19). Looking at
the perichondral regions of those embryos receiving 3 in¬
jections (Group III), some regions were observed to be de¬
void of calcixim deposit, whereas some regions were observed
to be mildly calcified, while others were slightly calci¬
fied (Fig. 20).
The data in Table 1 will show the Alizarin Red S
intensity in the control and experimental Groups I, II, and
III. Control and experimental Group I showed a mild reac¬
tion while Groups II and III varied from slight to mild
and no reaction to slight reaction in Group III of day 7
embryos. In day 9 embryos, the reaction was intense in
the control and varied from mild to intense in the experi¬
mental Group I. Experimental Group II showed a mild reac¬
tion whereas experimental Group III showed a slight reac¬
tion.
Histochemical Observations
Glycosaminoglycans or acid mycopolysaccharides are
divided into two groups: neutral mucopolysaccharides and
acid mucopolysaccharides. Acid mucopolysaccharides are
further divided into two groups: nonsulfated acid mucopoly
saccharides and sulfated acid mucopolysaccharides.
The nonsulfated group includes hyaluronic acid and
chondroitin. The sulfated includes chondroitin 4-sulfate
(chondroitin sulfate A), chondroitin-6 sulfate (chondroitin






























hr) 245 0.6 cc 3 0/+ +
+++ Intense Reaction; ++ Mild Reaction; + Slight Reaction; 0 No Reaction.
♦Controls were injected Pre-incubation, Pre-incubation plus 48 hr. Pre¬
incubation, 48 hr, and 96 hr. Since no differences were noted, the triply in¬
jected are cited here.
Fig. 13. Cross-section of metatarsus of 7-day con¬
trol embryo (showing orange-red dye lake
(calcium deposition) formation at peri¬
chondral regions of cartilage (a). Little
or none was observed within cartilage
lOx).
Fig. 14. Cross-section of metatarsus of 7-day 0.6
cc LACA-treated (lx) embryo (showing cal¬
cification (orange-red dye lake formation),
at perichondral regions of cartilage (a).
Little or none was observed within carti¬
lage and none within connective tissue
lOx).
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Fig. 15. Cross-section of metatarsus of 7-day 0.6
cc LACA-treated (2x) embryo (showing little
calcification at perichondral regions of
cartilage (a). None was observed within
cartilage lOx).
Fig. 16. Cross-section of metatarsus of 7-day 0.6
cc LACA-treated (3x) embryo (showing very
little calcification at perichondral regions





Cross-section of metatarsus of 9-day control
embryo (showing calcification at the peri¬
chondral regions. Little or none was ob¬
served within cartilage lOx).
18. Cross-section of metatarsus of 9-day 0.6
cc LACA-treated (lx) embryo (showing calci¬
fication at perichondral regions. Little




Cross-section of metatarsus of 9-day 0.6
cc LACA-treated (2x) embryo (showing little
calcification at perichondral regions lOx).
Cross-section of metatarsus of 9-day 0.6
cc LACA-treated (3x) embryo (showing very




sulfate C), dermatan sulfate (chondroitin sulfate B), and
Keratan sulfate (Kerato sulfate).
Periodic Acid Schiff's (PAS)-
Alcian Blue Reactions
In PAS-Alcian blue preparations, the neutral acid
mucopolysaccharides are PAS positive orange-red (acidophilic),
whereas nonsulfated and sulfated acid mucopolysaccharides
are Alcian blue positive (basophilic) and PAS negative (Ban¬
croft, 1975). Table 2 shows that control embryos that were
administered 0.6 cc normal saline three times—at pre¬
incubation, 48 hr, and 96 hr—and experimental Group I
which received 0.6 cc of LACA one time—at pre-incubation—
exhibited the same PAS-Alcian blue intensity. Experimental
Groups II and III exhibited the same intensity at age 7-day
or 9-day.
Table 2 also shows that at day 7 in both the control
and the experimental Group I, there was a mild reaction for
neutral mucopolysaccharides, whereas in experimental Groups
II and III the reaction of PAS-Alcian blue (pH 2.5) with neu¬
tral acid mucopolysaccharides was intense. At the same age,
the reaction of PAS-Alcian blue (pH 2.5) with connective
tissue nonsulfated acid mucopolysaccharides, and connective
tissue sulfated acid mucopolysaccharides, PAS-Alcian blue
(pH 1.0 or pH 0.5) showed a mild to Intense reaction in both
control and experimental Group I. But the reactions in ex¬
perimental Groups II and III ranged from slight to mild, and
Table 2. The effects of L-azetidine-2-carboxylic acid (1 mg/ml) on neutral, sulfated,
and non-sulfated mucopolysaccharides during skeletogenesis.
Alcian blue-PAS Indications
Conn. Tiss. Non Conn. Tiss.
Neutral Sulf. Acid Sulf. Acid
Mucopol. Mucopol. Mucopol.
# Embryos Dosage # Injections (Days) (Days) (Days)


















hr) 245 0.6 cc 3 +++ +++ 0/+ +/++ 0/+ +/++
+++ Intense Reaction; ++ Mild Reaction; + Slight Reaction; 0 No Reaction.
♦Controls were injected pre-incubation, pre-incubation plus 48 hr, pre-incubation,
48 hr, and 96 hr. Since no differences were noted, the triply injected are cited here.
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no reaction to slight. At age 9 days the reaction intensity
of neutral acid mucopolysaccharides (Alcian blue pH 2.5) for
both control and experimental Group I was mild, whereas
Groups II and III showed an intense reaction. The reaction
of connective tissue nonsulfated acid mucopolysaccharides
(Alcian blue pH 2.5) and connective tissue sulfated acid
mucopolysaccharides (Alcian blue pH 1.0 or pH 0.5) was in¬
tense in both control and experimental Group I. The reac¬
tion in experimental Groups II and III was slight to mild.
In order to analyze the neutral and the acid muco¬
polysaccharides sections of embryos were treated in Alcian
blue-PAS method. The 7-day control and Group I embryos
showed wide distribution of basophilia (blue-green) which
indicates acid mucopolysaccharides. Acid mucopolysaccharides
were observed in the matrix of the cartilage, especially in
areas surrounding mesenchymal cells; but most of the areas
of the matrix within the cartilage showed acidophilia (brown-
red) , indicative of neutral acid mucopolysaccharides. The
perichondral regions also showed neutral acid mucopolysac¬
charides (Figs. 21, 22). Embryos of Groups II and III showed
sparse acid mucopolysaccharides and a heavy accumulation of
neutral acid mucopolysaccharides (red stain) (Figs. 23, 24).
In some cases the blue-green stain accximulated towards the
peripheral regions of the cartilage (Fig. 23). The peri¬
chondral regions revealed heavy accimulations of acidophilia.
In the femoral region of the 7-day-old embryos, the distribution
42
of acidophilia and basophilia was different from the phalang-
ial region of the same age. The femoral region showed baso¬
philia, indicating that acid mucopolysaccharides were more
prevalent in the control and experimental Group I than in
the phalanges of the same Groups II and III. In the femoral
region of the control and experimental Group I there was
about an equal distribution of basophilia and acidophilia;
but the perichondral regions of the cartilage of a femur,
like those of phalanges, are acidophilic (Figs. 25, 26).
Looking at the femur of embryos receiving 2 injections of
LACA (Group II), there was an accumulation of basophilia in
some regions of the cartilage while other regions were al¬
most devoid of basophilic stain (Fig. 27).
The embryos that received 3 injections showed a simi¬
lar condition, but the accuimulation of basophilia was much
less in all regions of the cartilage. There was more acido¬
philia in all regions of the cartilage as well as the peri¬
chondral regions (Fig. 28).
The metatarsus of a 9-day control embryo showed a
predominant distribution of basophilia. Although the dis¬
tribution of acidophilia was observed in all regions of the
cartilage, the accvimulation was greater in some regions of
the matrix than others. The perichondral regions showed
heavier acidophilia, and the connective tissues also showed
acidophilia; mature chondrocytes were conspicuous (Fig. 29).
The metatarsus of embryos receiving 1 injection showed a
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similar distribution of basophilia and acidophilia in the
matrix of their cartilages as did those of 9-day controls
(Fig. 30). In some regions of the cartilage of this group,
the matrix showed acidophilia, while some regions were baso¬
philic. The perichondral regions of this group, as those
of control, were heavily acidophilic. The metatarsal regions
of embryos receiving 2 injections (Fig. 31) showed accumula¬
tions of basophilia mostly in the center of the cartilage
around the chondrocytes. The perichonrium and matrix within
the cartilage were heavily acidophilic; the connective tis¬
sues also showed acidophilia. In the matatarsus of embryos
receiving 3 injections, the matrix within the cartilage
showed a distribution of acidophilia and basophilia similar
to those of Group II, although the distribution of basophilia
was observed to be sparse in these groups. The perichondral
regions as well as some areas of chondrocytes showed acido¬
philia (Fig. 32).
The femoral region of 9-day control and Group I em¬
bryos had a similar distribution of basophilia. The matrix
of the cartilage in these groups contained heavy accumula¬
tions of basophilia in some regions while certain other re¬
gions showed more acidophilia (Figs. 33, 34). The connective
tissues exhibited acidophilia as well. In Group II embryos,
the basophilic accumulation was more pronounced in some re¬
gions than in some others. Further observation showed that
most of the matrix was acidophilic (Fig, 35). Again the
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perichondral regions as well as the connective tissues showed
only acidophilia. The femoral region of Group III embryos
(Fig. 36) indicated that although the basophilia was observed
to be even, it was sparse.
Cross-sections through the vertebral regions of 9-day
control and experimental Group I embryos are shown in Figs.
37, 38. In these groups the gray matter of the spinal cord
was much more acidophilic than the white matter. The lining
of the spinal canal showed light acidophilia, and so did the
notochord. The neural arch of the vertebra and spinal gan¬
glion showed mostly basophilia (Fig. 37); the acidophilia was
sparse. Heavier acidophilia could be detected at the ends
of neural arches and the perichondral regions (Fig. 38);
however, very sparse acidophilia and heavy basophilia were
observed within the cartilage. Again the peripheral regions
of the spinal cord showed heavy acidophilia.
In experimental Groups II and III of 9-day embryos,
like the control and Group I of the same age, the spinal
cord as well as the gray matter of the spinal cord was more
acidophilic than the white matter (Figs. 39, 40). The neural
arch, however, of Fig. 39 exhibited more basophilia, although
sparser than the neural arch of Group III (Fig. 40). Gener¬
ally in these two groups (II and III), the basophilia was
distributed, while acidophilia was heavily distributed over
the regions of the neural arch within the cartilage.
Fig. 21. Longitudinal section of phalanx of 7-day
control embryo (showing basophilia (blue-
green) around mesenchynal cells in matrix.
Note certain areas in the matrix are acido¬
philic (orange-red). Perichondral regions
show acidophilia (deep brown-red) (lOx).
Fig. 22. Cross-section of phalanx of 7-day 0.6
cc LACA-treated (lx) embryo. (Some areas
in the matrix show basophilia while some
show acidophilia. Perichondral regions show
acidophilia lOx) .
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Fig. 23. Cross-section of phalanx of 7-day 0.6 cc
LACA-treated (2x) embryo showing basophilia
in matrix of peripheral regions of the
cartilage. The central areas of the car¬
tilage show mostly acidophilia. The peri¬
chondral regions and connective tissue
show acidophilia lOx.
Fig. 24. Longitudinal section of phalanx of 7-day
0.6 cc LACA-treated (3x) embryo (showing
basophilia in central and few areas of
peripheral regions of the cartilage. Most
areas of the matrix show acidophilia lOx).
46
Fig. 25. Longitudinal section of a femoral region of
7-day control embryo (showing basophilia and
acidophilia in the matrix. Perichondral
regions are acidophilic.
Fig. 26. Longitudinal section of a femoral region of
7-day 0.6 cc LACA-treated (lx) embryo showing
areas of matrix that are basophilic and
acidophilic.
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Fig. 27. Longitudinal section of a femural region of
7-day 0.6 cc LACA-treated (2x) embryo (show¬
ing matrix is acidophilic and basophilic lOx).
Fig. 28. Longitudinal section of a femoral region of
7-day 0.6 cc LACA-treated (3x) embryo show¬
ing acidophilia and basophilia within matrix.
Perochondral regions are heavily acidophilic
(Ox).
 
Fig. 29. Cross-section of metatarsus of 9-day control
embryo showing chondrocytes (a-arrow), baso¬
philia, and acidophilia in matrix (lOx).
Perichondral regions are heavily acidophilic,
and connective tissue shows acidophilia (lOx).
Fig. 30. Cross-section of metatarsus of 9-day 0.6 cc
LACA-treated (lx) embryo (showing chondro¬
cytes (b-arrow), basophilia, and acidophilia.
Perichondral regions are acidophilic. Con¬
nective tissue shows acidophilia lOx).
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Fig. 31. Cross-section of metatarsus of 9-day 0.6
cc LACA-treated (2x) embryo (showing chon¬
drocytes (d-arrow) basophilia, acidophilia
in the matrix. Perichondral regions are
acidophilic and connective tissue is lightly
acidophilic lOx).
Fig. 32. Cross-section of metatarsus of 9-day LACA-
treated (3x) embryo (showing chondrocytes
(c-arrow), basophilia, acidophilia. Peri¬
chondral regions are acidophilic lOx).
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Fig. 33. Sagittal secion of a femoral region of 9-day
control embryo (showing basophilia, acidophilia
mesenelymal cells lOx).
Fig. 34. Sagittal section of a femoral region of 9-day
0.6 cc LACA-treated (lx) embryo showing baso¬
philia, acidophilia (lOx).
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Fig. 35. Sagittal section of a femoral region of 9-day
0.6 cc LACA-treated (2x) embryo (indicating
basophilia, acidophilia, mesenehymal cells.
Perichondral regions are acidophilic lOx).
Sagittal section of a femoral region of 9-day
0.6 cc LACA-treated (3x) embryo (showing chon¬




Fig. 37. Cross-section of a vertebral region of 9-day
control embryo showing notochord (a), spinal
cord (b), basophilia, acidophilia, connective
tissue (lOx).
Fig. 38. Cross-section of a vertebral region of 9-day
0.6 cc LACA-treated (lx) embryo (showing
spinal cord, basophilia, acidophilia, peri¬
chondral regions lOx).
53
Fig. 39. Cross-section of a vertebral region of 9-day
0.6 cc LACA-treated (2x) embryo (showing
spinal cord, basophilia, acidophilia lOx).
Cross-section of a vertebral region of 9-day
0.6 cc LACA-treated {3x) embryo (showing






High Iron Diamine Reactions
The diamine-Alcian blue results for glycosaminoglycans
during skeletogenesis are shown in Table 3. The high iron
diamine method for sulfated mucosubstances stained the sul~
fated acid mucopolysaccharides (SM) dark brown and nonsul-
fated acid mucopolysaccharides blue (Spicer, 1965; Leppi and
Spicer, 1967). From this table it was observed that at 7
days and day 9 of control and experimental Group I, the re¬
action of diamine with sulfated acid mucopolysaccharides
(SM) ranged from mild to intense, whereas in experimental
Groups II and III the reaction ranged from no reaction to
slight reaction. The reaction of Alcian blue with nonsul-
fated acid mucopolysaccharides (NSM) at day 7 was mild to
intense in both control and experimental Group I, but slight
to mild in Groups II and III of the same age. At age 9 days,
the reaction of Alcian blue with NSM in both control and
experimental Group I was intense, but slight to mild in
Groups II and III.
Sections through the thighs of 7-day control and ex¬
perimental Group I embryos showed heavy dark-brown staining
in all regions of cartilage (Figs. 41, 42). The stain in¬
dicates sulfated acid mucopolysaccharides (SM) (chondroitin
sulfate). There was also observed blue-green staining, which
was sparsely distributed within the cartilage. This stain
indicates nonsulfated acid mucopolysaccharides (NSM). The
SM of the control (Fig. 41) was more prominent than that of


































hr) 245 0.6 cc 3 0/+ 0/+ +/++ +/++
+++ Intense Reaction; ++ Mild Reaction; + Slight Reaction; 0 No Reaction.
♦Controls were injected pre-incubation, pre-incubation plus 48 hr, pre-incubation,
48 hr, and 96 hr. Since no differences were noted, the triply injected are cited here.
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Group I (Fig. 42). Examination of Groups II and III (Figs.
43, 44) revealed a reversal in staining to that of control
and Group I (Figs. 41, 42). In these groups (II, III) the
NSM was more heavily distributed throughout the cartilage
than the SM. The SM was mildly stained and sparsely distri¬
buted .
Cross-sections through the vertebral region of 9-day
embryos were observed for the analysis of hyaluronic and
chondroitin acids. Control and experimental Group I showed
a preponderance of SM in the cartilage of the neural arch
of the skeleton (Figs. 45, 46). The NSM in these groups
was mild and sparsely distributed within the matrix of the
cartilage. But in the perichondral regions the NSM was in¬
tense and hardly any SM was observed. In experimental
Group II, the cartilage within the neural arch showed heavy
sites of NSM and a low level of SM (Fig. 47). The region
outside the neural arch of the skeleton also showed NSM;
however, the experimental Group III (Fig. 48), though showing
NSM to be predominant, is less than that of experimental
Group II, and the SM in this group was much less than that
of Group II. Both of these groups showed NSM in the peri¬
chondral regions. The notochordal regions showed NSM levels.
Fig. 41. Sagittal section of a femoral region of 7-day
control embryo (showing sulfated mucosubstances
(dark-brown), nonsulfated mucosubstances
(blue-green).
Fig. 42. Sagittal section of a femoral region of 7-day
0.6 cc LACA-treated (lx) embryo (showing sul¬
fated mucosubstances (dark-brown) and non¬
sulfated mucosubstances (blue-green) within
cartilage lOx).
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Fig. 43. Sagittal section of a femoral region of 7-day
0.6 cc LACA-treated (2x) embryo (showing sul-
fated mucosubstances and nonsulfated mucosub-
stances lOx).
Fig. 44. Sagittal section of a femoral region of 7-day
0.6 cc LACA-treated (lx) embryo (showing sul-
fated mucosubstances and nonsulfated mucosub¬
stances lOx).
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Fig. 45. Cross-section of vertebral region of 9-day
control embryo (showing notochord (a), cen-
trvim formation (b) . Dark-brown within carti¬
lage shows sulfated mucosubstances, blue-green
shows nonsulfated mucosubstances. Perichon¬
dral regions show nonsulfated mucosubstances
lOx) .
Fig. 46. Cross-section of vertebral region of 9-day
0.6 cc LACA-treated (lx) embryo (showing
spinal canal (a), gray matter (b), white
matter (c), neural arch of skeleton (d).
Cartilage shows dark-brown (acidophilia),
and basophilia (blue-green). Perichondral




47. Cross-section of vertebral region of 9-day
0.6 cc LACA-treated (2x) embryo (showing
nonsulfated mucosubstances (blue-green),
sulfated mucosubstances (dark-brown) lOx).
48. Cross-section of vertebral region of 9-day
0.6 cc LACA-treated (3x) embryo (showing
notochord, and vertebra. Note the sulfated
mucosubstances (dark-brown) and the non¬




L-azetidine-2-carboxylic acid (LACA) has been used
widely by numerous investigators to study its effects on
collagen synthesis and subsequent release into the extra¬
cellular environment. Its effects on growth phenomena have
also been noted. The current studies point to the inhibi¬
tion of calcium deposition in chicken embryos resulting from
the exposure of such embryos to LACA. Too, histochemical
studies of Alcian blue-PAS staining and diamine method for
glycosaminoglycans indicate some possible involvement of
this analog of proline on the matrix of collagen during
skeletogenesis.
Aydelotte and Kochhar (1972) demonstrated that LACA
adversely affected collagen synthesis and caused alterations
in limb-bud morphogenesis and skeletal rigidity. Findings
of the present in vivo study are supportive of their data
based on in vitro observations. Several of the LACA-treated
embryos showed inhibition of calcium deposition in their
skeleton. As was pointed out by Bhagavan (1978), calcium is
the most important cation in the skeleton and 99% of it is
found in the skeleton. The other is found in interstitial,
extravascular, and intravascular components of the body.
The calcium existing in these parts of the body is calcium
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chloride. In animal tissues, the types of calcium salts
normally found include calcium carbonate, calcium oxalate,
and calcium phosphate. Alizarin Red S has been found not
to stain oxalate salts (Brown, 1978). In the treated 7-day
old embryos, especially those receiving 2 or 3 injections,
the phalanges, metacarpalia, and the cranio-vertebral regions
showed no calcium deposition. In embryos receiving 3 injec¬
tions (Group III), the skeletal regions where the calcixm
deposition was observed, was only patchy. The investigation
of O'Dell (1966) showed that LACA caused limb bone rudiments
and the mandibular cartilage to become bent and very soft,
thus supporting the findings here which showed inhibition of
calcium deposition.
There is ample documentation that calcium deficiency
leads to osteoporosis in the elderly or rickets in children
(Bhagavan, 1978). The experimental embryos (especially
Groups II and III) of the present study showed very little
calcium deposition in their cranio-vertebral regions, sug¬
gesting that skeletogenesis was retarded. This finding was
in agreement with the findings of Sudo et al. (1977) that LACA
caused skeletal abnormalities in the limbar and sacral verte¬
brae in mice. Additionally, Nagai et al. (1976) showed that
LACA caused malformation in the fetuses of rats and a re¬
duction in ossification of the sternebrae. Brian (1978) re¬
ported that the secondary chondrogenesis of the quadrato-
jugal, a membrane bone of the skull, was inhibited by treatment
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of the whole embryos with LACA. In several of the experi¬
mental embryos observed here, calcium failed to be deposited
in the cranial regions.
Strudel (1975) showed that LACA inhibited the secre¬
tion of the periaxial extracellular material, resulting in
a lack of several vertebrae. In young vertebral primordia
cultured in LACA, the myotome cells differentiated into
myoblasts, whereas the sclerotome cells remained undiffer¬
entiated. In older primordia, the sclerotome cells gave
rise to abnosnnal cartilage but the myotome cells seldom
differentiated. Current observations indicated that most
of the extracellular material of the experimental embryos,
especially Groups II and III, showed acidophilia with few
areas in the cartilage showing basophilia. The areas in
the cartilage and perichondral regions showing acidophilia
indicated the presence of neutral acid mucopolysaccharides,
and those areas showing basophilia, acid mycopolysaccharides.
As pointed out earlier, acid mycopolysaccharides are
divided into two categories—nonsulfated acid mycopolysac¬
charides (hyaluronic acid) and sulfated acid mucopolysac¬
charides (chondroitin sulfate) . Hyalvironic acid is present
in connective tissue, whereas chondroitin sulfate A and C
are major structural components of bone and cartilage. In
the present studies, sections of the control and experimental
Group I showed heavy deposition of calcium at the perichon¬
dral regions, whereas little or none was observed in the
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cartilage. In the embryos of Groups II and III, calcium
deposition was observed to range from mild to zero. These
suggested that in the presence of LACA calcium deposition
was inhibited, causing retardation of skeletogenesis. This
was supported by the observations of Aydelotte (1971) when
he showed that LACA interfered with normal development of
cartilage, after culturing the mouse limb-buds for 9 days
in the presence of LACA. When the sections were stained
for Alcian blue-PAS reaction, perichondral regions of both
the control and the experimental embryos showed acidophilia,
indicating neutral acid mucopolysaccharides. The matrix of
both the control and experimental Group I showed extensive
basophilia and less acidophilia, indicating the production
of both neutral and acid mucopolysaccharides. However, in
experimental Groups II and III, very little basophilia was
observed in the matrix, suggesting that LACA had an effect
on the synthesis of acid mucopolysaccharides. These findings
were in agreement with those of Johnson et al. (1973), who
showed that the cardiac jelly, the extracellular matrix of
the developing chick heart, consists mainly of glycosanimo-
glycans. They observed in vitro that in the presence of LACA,
myocardial cytodifferentiation and normal cardiac morphogene¬
sis were inhibited markedly.
From current studies so far the assximption can be made
that even though calcification was affected by LACA, the syn¬
thesis of neutral acid mucopolysaccharides was not affected.
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To further test this assumption, sections of the control and
the experimental embryos were treated in diamine solution to
analyze nonsulfated and sulfated acid mucopolysaccharides.
The control and the experimental Group I showed intense dark-
brown staining, an indication of sulfated acid mucopolysac¬
charides in the matrix, whereas nonsulfated acid mucopoly¬
saccharides (showing blue-green staining) though present
seemed to be a bit less than sulfated acid mucopolysaccharides.
In the experimental Groups II and III, there was more blue-
green staining observed than dark-brown staining. Earlier,
it was pointed out that in the diamine reaction, the blue-
green indicates hyaluronic acid while the dark-brown indi¬
cates chondroitin acid. Therefore, in the experimental
Groups II and III, which showed more nonsulfated acid muco¬
polysaccharides than sulfated acid mucopolysaccharides,
LACA in some ways inhibited the synthesis of sulfated acid
mucopolysaccharides—the major component of cartilage and
bone.
In their study Coulombre and Coulombre (1972) demon¬
strated that administration of LACA to growing chick embryos
caused the Golgi apparatus not to stain with silver. This
supported our findings from the technique using Alcian blue-
PAS that the acid mucopolysaccharides were inhibited, and
from the diamine procedure that the sulfated acid mucopoly¬
saccharides were inhibited. The failtireof Golgi apparatus
to stain with silver, as was demonstrated by Coulombre and
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Coulorobre, showed that LACA interfered with the matrix. The
failure of the matrix to show basophilia in Alcian blue-PAS
method and dark-brown in diamine method further substanti¬
ated this work on the Golgi apparatus.
When the embryos were treated in Alizarin Red S, the
control and experimental Group I showed heavy calcification
in the perichondral regions which was supported by the ob¬
servations of Holder (1978). In his studies of Alizarin
Red S, Holder demonstrated the onset of osteogenesis in the
developing chick limb from 7 days to 19 days. He also demon¬
strated the chronological order of appearance of ossification
centers in the skeletal elements of the developing wing,
and pointed out that the ossification of the phalanges begins
sooner in the leg than in the wing. Contrarily, experimental
Groups II and III showed mild to zero calcification in their
perichondral regions. Treatment of the sections from control
and experimental embryos I, II, and III raised a question
as to what types of glycosaminoglycans are preponderant in
the perichondral regions of the cartilage of a chick embryo.
The possible response to this may be that since it has been
shown that mucosubstances contain hexosamine sugars in com¬
bination with different amounts of proteins and some lipids
(Bancroft, 1975), it is likely that in the perichondral re¬
gions of the cartilage of a chick embryo the preponderant
molecules are neutral acid mucopolysaccharides, which are
PAS positive and react similarly to muco-proteins. However,
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the exact role of neutral acid mucopolysaccharides in skele-
togenesis has not yet been determined.
CHAPTER VI
SUMMARY AND CONCLUSIONS
1. Injections of L-azetidine-2-carboxylie acid (LACA),
0.6 cc of 1 mg/ml, were given to experimental embryos Group
I once (pre-incubation), Group II twice (pre-incubation and
48 hr), and Group III thrice (pre-incubation, 48 hr, and 96
hr).
2. The limb-buds of 7-day-old embryos showed little
or no calcification. In 9-day-old embryos, though there was
visible calcification in most of the regions of the limb-
buds and the vertebrae, embryos of Groups II and III showed
less calcification.
3. Sections through the limb-buds and vertebral
regions showed mild to no calcification in some regions of
perichondrium of the cartilage.
4. Sections treated in Alcian blue-PAS showed less
sulfated acid mucopolysaccharides and heavy nonsulfated acid
mucopolysaccharides within the cartilage and at the perichon-
drial regions.
5. Sections treated in diamine solution also showed
less sulfated acid mucopolysaccharides and heavy nonsulfated
acid mucopolysaccharides within the matrix of the cartilage.
6. From this study the conclusion is warranted that
LACA affects calcification and inhibits the synthesis of
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acid mucopolysaccharides. However, the mechanisms undertaken
to cause the effects and the inhibition in chick embryos will
have to await further investigations.
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